This study focuses on the contamination of 15 polycyclic aromatic hydrocarbons (PAHs), recommended by the US Environmental Protection Agency, in 10 tea brands distributed in Italy. Analyses were carried out with a procedure based on saponification, liquidliquid extraction, and PAHs determination by high performance liquid chromatography with fluorescence detector. A comparison with ultrasonic extraction in bath water was also reported. Contamination is expressed as the sum of analyzed PAHs and ranged between 347 and 4120 ng/L with a mean value of 1675 ng/L. PAHs with 3-4 rings were dominant with a contribution of 92%, while 7% and 1% were found for PAHs with 5 and 6 rings, respectively. Moreover, data revealed that three samples exceeded the EU 2008 criteria established for drinking water in which the sum of benzo[k]fluoranthene, benzo [b]fluoranthene, benzo [g,h,i]perylene, and indeno [1,2,3-cd]pyrene is considered (<100 ng/L) and two samples exceeded the 10 ng/L level allowed for benzo [a]pyrene.
Introduction
Tea is the most popular beverage in the world, second only to water, with per capita world Yang wide consumption approximately of 40 L/y (consumption of <120 mL brewed tea per day) [1] . The health effects of tea leaves have been widely studied. There are a lot of scientific reports indicating that tea consumption might have health promoting properties like cholesterol reduction, antioxidant features, and protection against cardiovascular disease [2, 3] . Moreover, examination of different contaminants residues in tea leaves (pesticides, heavy metals, and fluoride) began to be required since some environmental (atmospheric deposition and soil factors) and anthropic (use of organic fertilizers, production steps, and irrigation with polluted water) factors could contaminate tea. PAHs, which occur ubiquitously and are generated by pyrolysis of organic material, have been actually less investigated. Among 660 polycyclic aromatic hydrocarbons some compounds show carcinogenic properties [4] . Benzo [a] pyrene is well known as carcinogenic PAH and it has been used as a leading substance until now [5] . However, the European Food Safety Authority reported that benzo[a]pyrene is not a suitable marker for the occurrence of PAHs in food and a system of four or eight specific substances should be preferred [5] . Plants can adsorb polycyclic aromatic hydrocarbons especially from air [6] . Tea leaves in particular possess a high surface area and consequently can easily reach high level of PAHs accumulation. Moreover, the manufacturing process of tea leaves, like drying step which uses combustion gases from burning wood, oil, or coal, may be another source of PAHs especially in black teas [7] . These factors can cause human exposure to polycyclic aromatic hydrocarbons through tea consumption with possible threat for human health. So far, 2 Journal of Food Quality any maximum level of PAHs in samples of tea has not been established.
However, several studies concerning the analysis in dried black tea of the PAHs recommended by the US Environmental Protection Agency [8] have been made [6, 7, [9] [10] [11] [12] [13] [14] . Literature data show that the contamination of black tea greatly varies in function of the tea origin. So in dried black tea supplied from German supermarkets, as reported by Ziegenhals et al. [6] , PAHs content ranged between 14 and 89 g/Kg while, for those supplied in China, and mean values of 9650 g/Kg, 8800 g/Kg, and 1162 g/Kg are reported by Lin and Zhu [7] , Lin et al. [11] , and Fiedler et al. [9] , respectively.
Few researches have focused on the determination of PAHs into black tea infusions [15] [16] [17] but, in this case, it is hard to compare data since a different number of PAHs are taken into account. However, Ciemniak and Mocek [18] and Lin et al. [11] reported that the percentages and distribution of total polycyclic aromatic hydrocarbons into drink are very lower than those in dry teas because of their low solubility in water. Analyses of PAHs are generally performed by high performance liquid chromatography (HPLC) coupled with UV-visible or fluorimetric detector (FLD) and gas chromatography (GC) with mass spectrophotometer (MS). Díaz-Moroles et al. [19] report that although both approaches are adequate for the analysis of PAHs in water, a higher sensitivity and a lower relative standard deviation% value were achieved using HPLC-FLD. These considerations are confirmed by Filipkowska et al. [20] , too.
For the above-mentioned reason, in this study, HPLC/ FLD was chosen. Contamination of PAHs was studied in black tea since it is the most consumed quality in the world and it can be more easily contaminated by manufacturing process. To the best of our knowledge, no previous study was done on black tea supplied in Italian market. The research was performed on tea infusion in order to evaluate the real potential risk associated with tea beverage consumption. In addition a comparison between two different methodologies as sonication in ultrasonic bath and saponification followed by liquid-liquid extraction is reported. All solvents (water, acetonitrile, and cyclohexane) used for sample preparation and analysis were HPLC grade from Sigma-Aldrich (Milan, Italy). Sodium hydroxide RPH employed for saponification was from Sigma-Aldrich (Milan, Italy).
Materials and Methods

Standard Preparation.
Working solution in the range 1 to 50 g/L was obtained by dilution in acetonitrile and stored in amber glass vials at 4 ∘ C until the use.
Sample Collection and Preparation.
A total of 10 brands of black teas were purchased from Italian market. To prepare the infusion 1.5-2 g of the tea sample was submerged in 100 mL boiling ultrapure water. Then the flask was placed in water bath with the temperature maintained at 95 ∘ C for 10 min. Afterwards, the water phase was decanted and cooled to about 30 ∘ C.
Extraction Methods.
Two different approaches have been used for the extractions. In first ultrasonic bath (US) has been employed since it has the ability to easily mix two or more immiscible liquid phases and promote, thanks to the cavitational forces generated, the mass transfer of the analyte between the liquid phases. In the second mode, a classic liquid-liquid extraction by shaking is performed after a saponification process.
Mode 1:
Ultrasonic Extraction. Twelve mL of tea infuse was extracted by ultrasonication in ultrasonic bath with 4 mL of cyclohexane for 30 min. Subsequently 3 mL of the extractant solvent was evaporated to dryness under nitrogen to remove cyclohexane. The residue was then recovered with 100 L of acetonitrile.
Mode 2: Saponification Followed by Liquid-Liquid
Extraction Method. Four mL of tea infusion and 4 mL of ethanolic NaOH 0.6 M were heated at 60 ∘ C for 30 min. After cooling an extraction step was carried out stirring with 2 mL of cyclohexane for 5 min. The supernatant layer was then recovered and transferred in a vial. The extraction step was made twice. Then 3 mL of the combined cyclohexane extracts was taken and evaporated to dryness under nitrogen. The residue was then recovered with 100 L of acetonitrile. ( Figure 1 ). Acenaphthylene has not been examined since it is a compound poorly or not fluorescent. The detection wavelength program to determine individual polycyclic aromatic hydrocarbons is previously reported [21] .
Chromatographic Polycyclic Aromatic Hydrocarbons
Recoveries.
For recovery studies, 12 mL of a black tea infusion was spiked with 10 and 20 ng of each polycyclic aromatic hydrocarbons standard solution for ultrasonic extraction method while 1 and 2 ng were added to 4 mL of tea infusion for saponification method. Recoveries on 5 replicate samples were determined as the difference between the polycyclic aromatic hydrocarbons values in the fortified sample and those of the same infusion without any addition, with respect to polycyclic aromatic hydrocarbons added amount. Results are reported as percent recovery. The blank was subtracted from all the analysis results to obtain the real contribution of tea.
Results
Optimization of PAHs Determination with Ultrasonic
Extraction Method. In order to optimize PAHs extraction from tea infusion by ultrasonic device, it was necessary to investigate the ultrasonication time effect, the infuse/cyclohexane volumes ratio, and the optimal number of treatments with the extractant solvent (cyclohexane).
It is well known that the ultrasonication time in effect might have influence on extraction efficiency because it affects both emulsification and mass transfer process. To confirm its influence, a study at three different ultrasonication times of 20, 30, and 40 min for PAHs extractions on tea fortified with 5 ng of polycyclic aromatic hydrocarbons was carried out. In Figure 2 [22] , could be due to the fact that bubbles tend to grow with time until they reach a size sufficient to cause disruption and consequently to enhance extraction yield. After 30 min the yield decreases (40-50%) probably due to the increase of temperature in bulk solution up to a value in which the performance of the ultrasonic treatment can be deteriorated. This can be ascribed to a lower cavitation efficiency caused by the decrease of liquid density for the increased temperature [23] . In fact as solvent temperature rises, its vapor pressure increases and so more solvent vapor fills the cavitation bubbles, which then tend to collapse less violently and the sonication effects are less intense than expected.
However, it was established to fix the ultrasonication time to 20 min in order to have the best compromise between the time of analysis and the % extraction.
In order to optimize the number of infuse treatments with cyclohexane, two different procedures were evaluated. A tea sample spiked with 5 ng of each polycyclic aromatic hydrocarbons was extracted once for 20 min in the first approach and twice (2 × 10 min) in the latter. In both cases 1 : 1 and 3 : 1 volumes ratios of aqueous sample to organic solvent (cyclohexane) were employed. The obtained data showed that when twice extractions were performed, for both volume ratios, total polycyclic aromatic hydrocarbons content was 53% and 48%, respectively, lower than that of a single extraction. This result can be attributed both to a large affinity of PAHs for the organic solvent (cyclohexane) and to the different continuous extraction time at which the spiked sample is submitted (10 and 20 min).
So it was established to perform the extraction of PAHs making a single treatment in ultrasound bath with cyclohexane. Then, aqueous/organic phases ratio has been investigated with the aim to increase the preconcentration factor.
Different volumes (4, 12, and 20 mL) of a tea infusion spiked with 5 ng of each polycyclic aromatic hydrocarbon were treated with the same volume of extracting solvent (4 mL) for 20 min. The results showed that the highest polycyclic aromatic hydrocarbons peak areas were obtained at 12 mL (preconcentration factor = 3) while a 20-50% reduction occurred in the extraction recovery for all PAHs, with Therefore, 12 mL of tea sample was chosen as the optimal value for further studies.
PAHs Determination after Saponification and LiquidLiquid Extraction
Method. This method is based on the preliminary saponification of lipids in the tea infusion, even if these compounds are present in small amounts of 4.8% [4] and subsequently a liquid-liquid extraction with cyclohexane is performed, as reported in Section 2.5. In Figure 4 a black tea's chromatogram in which the contamination of 10 polycyclic aromatic hydrocarbons appears is instead reported.
Percentage Recovery Comparison between Ultrasonic and
Liquid-Liquid Extraction Methods. In Table 1 the analytical parameters of chromatographic method are reported, like the retention time ± standard deviation, linearity range with regression coefficient (R 2 ) close to 0,99, and the detection limit. Limit of detection (LOD), estimated on the signal of the background noise measured from the chromatograms of standard at the lowest calibration level, was calculated as three times higher than the level of noise. PAHs recoveries were carried out analyzing the same tea sample with both extraction methods by repeating the analysis for 5 times. The fortification was performed by adding 10 and 20 ng of each PAH to 12 mL of tea infusion (equivalent to the concentration of 0.83 g/L and 1.6 g/L, resp.) when ultrasonication method was employed. For the saponification-liquid-liquid extraction method, 1 and 2 ng of polycyclic aromatic hydrocarbons were added to 4 mL of infusion (equivalent to the concentration of 0.25 g/L and 0.5 g/L). Results, expressed as recovery% ± SD for each PAH, with the exception of naphthalene, are reported in Table 2 . Naphthalene which is fairly volatile was probably lost during the evaporation step under N 2
Recoveries obtained with the sonication method are too low (<70%) even if a small increase in the sample fortified with 1.6 g/L of polycyclic aromatic hydrocarbons appears. The low recovery obtained can be probably due to an attenuation of ultrasonication intensity since the ultrasonic wave needs first to cross the liquid inside the bath and then to cross the wall of the sample container. This attenuation is obtained even if the base of the container employed is flat and the ultrasound reflected is a minimum [23] .
In the method of saponification followed by liquidliquid extraction (LLE), the recoveries of all PAHs appear to be satisfactory (70-130%) with the exception of acenaphthene and fluoranthene which present low recoveries (<50%) when polycyclic aromatic hydrocarbons addition is <2 ng. Indeno[1,2,3-cd]pyrene can be recovered only when its amount is higher than 2 ng.
Since the second method has been proved to be better than the first one, it has been chosen for polycyclic aromatic hydrocarbons determination in black tea samples taking into account each recovery value. fluoranthene, and chrysene). However, some categories of food are not covered by this legislation, especially, dried food products like herbs and spices, and infusions like tea. In this last case, it might be more appropriate to refer to the polycyclic aromatic hydrocarbons limits set for drinking water. According to a European Union Directive (98/83/CE) [24] , the maximum level allowed for benzo [a] pyrene is 10 ng/L and the maximum limit for the sum of benzo[k]fluoranthene, benzo[b]fluoranthene, benzo[g, h,i]perylene, and indeno[1,2,3-cd]pyrene is 100 ng/L. Given these parameters, three samples in this study exceeded the guideline value proposed for the sum of the 4 polycyclic aromatic hydrocarbons and two were higher than the limit value of benzo[a]pyrene (Table 3 ). The total mean polycyclic aromatic hydrocarbons content (sum of 15 polycyclic aromatic hydrocarbons) in tea samples ranged from 347 to 4120 ng/L and is higher than Polish tea infusions reported by Ciemniak and Mocek, [18] but lower than those reported by other authors [11, 14] for Asiatic black teas. When the [17] . The emerging variability is certainly due to the different contamination level of the tea for both different manufacturing process and different environmental PAHs exposure taking into account the different country provenience. In addition, difference in infusion procedure like tea weight/hot water ratios (0,01-0,1 g/mL) and infusion times (5-10 min) can influence the results. Lin et al. [25] reported that the % PAHs transferred to the infusion increase with the decrease of the above mentioned ratio and of the brewing time. Kamangar et al. [26] and Lin et al. [11] also agree with this last feature. Figure 5 shows the distribution of polycyclic aromatic hydrocarbons in 10 samples of different brands. As can be seen, the PAHs less toxic with 3 rings are predominant in the infusions accounting for 63%, while those with 4 rings contribute for 29%, 5 rings for 7%, and 6 rings only for 1%. This is in accordance with the different aqueous solubility [27] and octanol-water partition coefficient (log ow ) [28] . Indeed, increasing the number of rings, PAHs solubility decreases while log ow rises. This is in accordance with results reported by Lin et al. [11] which argued that the percentages of PAHs released from the tea into the liquor were inversely proportional to the log ow .
Determination of Polycyclic Aromatic Hydrocarbons in
Benzo[k]fluoranthene - 20 ± 6 10 ± 4 - 40 ± 10 - - - - - Benzo[a]pyrene - 40 ± 9 20 ± 6 - - - - - - - Dibenz[a,h]anthracene - - - - - - - - - - Benzo[ghi]perylene 80 ± 10 - - - - - - - - - Indeno[1,
Conclusion
A sensitive HPLC-FLD method was employed for PAHs occurrence in 10 samples of tea purchased in the main Italian supermarkets. The liquid-liquid extraction of polycyclic aromatic hydrocarbons with cyclohexane, after a saponification step, was preferred to ultrasonic extraction since better recoveries were obtained (70-130%). The % relative standard deviation (RSD) for the whole method was in the range 5-25%. 
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